The electrical properties of silicon dioxides doped with impurities ͑fluorine and/or nitrogen͒ are investigated in this article. Pure silicon dioxide (SiO 2 ), fluorine-doped silicon oxide ͑SiOF͒, nitrogen-doped silicon oxide ͑SiON͒, and nitrogen-doped SiOF ͑SiOFN͒ are our choices for investigation in this study. The oxide films are prepared from liquid-phase-deposited fluorinated silicon oxides under O 2 or N 2 O annealing. The leakage current as a function of applied voltage for impurity-doped oxides was simulated using a generalized trap-assisted tunneling ͑GTAT͒ model at moderate fields of 5-8 MV/cm. Two important parameters, trap energy level ⌽ t and trap concentration N t , are directly derived by this model from simple current-voltage characteristics. The relationships of ⌽ t and N t on various experimental conditions ͑annealing temperature, time, gases, and initial oxide thickness͒ are comprehensively studied based on GTAT modelings.
I. INTRODUCTION
As the oxide thickness shrinks to nanometer range ͑Ͻ10 nm͒, the reliability of these oxides has become one of the most important issues among all of the electrical and material properties. The conventional silicon dioxide grown in a furnace using the thermal oxidation method has reached its physical limitations for subquarter-micron metal-oxidesemiconductor field effect transistors ͑MOSFETs͒ with respect to gate oxide thickness in the range of 3-5 nm. As a result, various types of doped oxides have been used to replace the conventional thermal oxides. Fluorine-and nitrogen-doped silicon oxides are the most popular candidates because of their versatile advantages; the former possesses the following characteristics: decreased dielectric constant K, enhanced oxidation rate, relaxed oxide stress, increased transconductance g m , decreased interface trap density D it , suppressed hot-electron induced generation of D it , increased breakdown field, improved radiation hardness, and stress hardness. [1] [2] [3] [4] [5] [6] [7] [8] The latter has the subsequent distinctions of: increased hot-carrier immunity, decreased electron trapping due to the pileup of N at the SiO 2 -Si interface, increased current drive in MOSFETs, reduced boron ͑B͒ diffusivity caused by the formation of p ϩ -polysilicon gates, increased charge-to-breakdown, and reduced threshold voltage (V th ) shift and g m degradation. [9] [10] [11] [12] [13] [14] In the literature reported so far, fluorinated silicon oxides can be fabricated using various methods such as immersing Si wafer in HF and then oxidizing the wafer, 6 ion-implanting with F, 8 or using liquid phase deposition, 15 while nitrided silicon oxides are capable of being fabricated from nitridation in NH 3 , NO, or N 2 O gases. 16 -18 In order to obtain an improved oxide film carrying the properties mentioned above, it is our strong motive to incorporate both F and N into silicon dioxide to attain an oxide of remarkable quality with mixed characteristics. In fact, many investigators have studied the possibility of incorporating both F and N into silicon dioxide by using several different techniques: ͑i͒ thermal oxidation of Si by N 2 O and NF 3 gases, 19 ͑ii͒ N 2 O plasma treatment on plasma-enhanced chemical vapor deposition ͑PECVD͒-grown fluorinated silica glass ͑FSG͒, 20 ͑iii͒ NH 3 -added PECVD-grown FSG, 21 and ͑iv͒ fluorination ϩnitridation under microwave plasma for SiO 2 . 22 Concurrently, the Auger depth profile, the adhesion properties of SiOFN to Si, bonding network of oxide, and surface roughness of SiOFN were fully discussed. All of these results showed positive trends with excellent dielectric properties after incorporating multiimpurities into the fabrication of SiO 2 films.
Excluding all of these improvements, however, the incorporation of N by NH 3 would introduce a large amount of electron traps in the films. [23] [24] [25] It is widely accepted that the presence of electron traps degrades the device performance. The incorporation of F would also lead to some oxide traps ͑i.e., Si dangling bonds͒ that increase the leakage current under moderate electric fields. 26 To keep the advantages of incorporating F and N into the SiO 2 , the concentration of impurities must be maintained below a sufficient low level. For ultrathin oxides, the conduction mechanism has been widely discussed because it would affect the device on/off characteristics under normal operating voltages. It is well known that oxide degrades as the thickness reduces to less than 10 nm, physically limited to 3 nm. Inbetween this thickness range, many types of tunneling current are reported. 27 Some traps exist in doped oxides and then could affect the electron tunneling properties when electric fields are applied. It is essential to clarify the position and concentration of these impurities in oxides and to understand their effects on the electrical properties.
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In this paper, the leakage current-voltage (I -V) characteristics of SiO 2 incorporated with F and/or N are discussed. The leakage current could be described by a trap-assisted tunneling ͑TAT͒ model. We have developed a generalized TAT model 28 to explain the leakage current of SiON films. This model includes trapezoidal-and triangular-barrier tunnelings under the electric fields of 4 -6 MV/cm and 6 -8 MV/cm, respectively. We have successfully modeled the conduction properties of nitrided oxides at 4 -8 MV/cm. In this study, this model is used to simulate the I -V curves and generate two parameters: trap energy level ⌽ t and trap concentration N t . The advantage of this model is to derive ⌽ t and N t directly from the simple current-voltage curve without using other complicated measuring techniques. Different experimental conditions are performed to check the conduction behaviors of SiO 2 films containing F and/or N atoms. It is found that the presence of both F and N in SiO 2 film reveals a complex property in terms of ⌽ t and N t . As shown in the modelings and experiments, the traps are found to be strongly dependent on the impurities contained in the oxide films ͑F and/or N atoms͒. The results of this article could provide a reference to fabricate high quality SiOF or SiOFN films using the liquid-phase-deposited ͑LPD͒ process for the gate dielectrics of future MOSFETs.
The organization of this article is described in the following way. First of all, current-voltage characteristics of pure SiO 2 , SiOF, SiON, and SiOFN films are compared. Some conventional tunneling models including ohmic conduction, Fowler-Nordheim, and Poole-Frenkel emissions are utilized to model the current-voltage curves. Then, the generalized trap-assisted tunneling ͑GTAT͒ model is briefly discussed to clarify the suitability of the leakage currents in impurity-doped oxides. The effects of trap energy level and trap concentration on the leakage current are also simulated. The correlation of traps and impurities in silicon dioxides is demonstrated by different experimental conditions, i.e., annealing temperatures, times, gases ͑O 2 and/or N 2 O͒, and LPD growth times. Finally, a conclusion is given to show the contributions of this article.
II. EXPERIMENT
The starting materials were n-type Si with resistivity of 5-12 ⍀ cm to be used as substrates. The Si cleaning processes were performed as follows: standard RCA clean, HF/H 2 O etching, H 2 O rinsed, and HF/H 2 O etching again. This two-step etching process could give a fully hydrogenated surface and reduced the surface microroughness. 29 Then the cleaned Si wafers were immediately immersed into a growth solution with 3.09 M H 2 SiF 6 at 30°C for 5-12.5 min to grow initial LPD-SiOF films. After the deposition of 2-3 nm of LPD-SiOF films, wafers were annealed in an infrared furnace at 900°C using O 2 or N 2 O gas. The final oxide thickness was controlled to 4 -9 nm for different annealing conditions. We also grew pure silicon oxides in O 2 or N 2 O ambient at 900°C for comparison. The conditions of detailed oxide growth are summarized in Table I . The device structure was an Al-oxide-Si metal-insulatorsemiconductor capacitor with a gate area of 10 Ϫ4 cm 2 for current-voltage measurement. All samples received postmetallization annealing at 400°C for 20 min. Figure 1͑a͒ shows the current-voltage curves of pure SiO 2 , SiOF grown by LPD oxide annealed in O 2 gas, SiON from Si grown in N 2 O gas, and SiOFN grown by LPD oxide annealed in N 2 O gas. Although the oxide thicknesses are not identical, we have shown them in this figure by normalizing them to get the corresponding electric fields. It is found that the leakage current increases with applied voltage, however, the increasing slope is very different among them. This means that the detailed conduction mechanism is worth discussing. In Fig. 1͑b͒ , a Fowler-Nordheim ͑FN͒ plot is provided to extract the effective barrier height ⌽ B . The relationship between current density and applied voltage is
III. RESULTS AND DISCUSSION

A. Comparisons of SiO 2 and doped SiO 2 films
JϭAϫE ox 2 ϫexp ͩ B E ox ͪ ,
͑1͒
where A and B are functions of barrier height ⌽ B , and E ox is the oxide electric field. By plotting ln(J/E ox 2 ), versus 1/E ox , the slope of this straight line produces ⌽ B according to Eq. ͑1͒. The corresponding ⌽ B for each sample is listed in the inset of this graph. Pure SiO 2 has a value of ⌽ B ϭ2.98 eV which is close to that of the Al-SiO 2 system ͑ϭ3.15 eV͒. However, other F-and/or N-doped SiO 2 films have much smaller ⌽ B values, indicating that another conduction mechanism other than FN tunneling should be considered in these cases.
In the literature, many different types of conduction processes in insulators were listed by Sze. 27 For silicon-oxide films, four models relating to traps could be obtained; that is, ohmic conduction, Poole-Frenkel emission, FowlerNordheim tunneling, and trap-assisted tunneling. These conduction models will be briefly discussed in the following.
First of all, ohmic conduction is the thermally excited electron hopping from one state to another and contributing to the output current. It dominates at moderate temperatures and low fields ͑0-0.2 MV/cm͒, which can be expressed as
where E ox is the oxide field and E ae is the activation energy of electrons. This model was also used to simulate the leakage current at low fields in CVD-SiOF. 30 In this case, by carefully observing the current-voltage of LPD-SiOF films, it can be seen that this model could not simulate current at low fields because no current with electric field dependency is measurable ͑i.e., the current shows a noisy value and is below the sensitivity of the instrument at these fields͒.
Another model called Poole-Frenkel ͑PF͒ emission is described as the thermal excitation of trapped electrons into the conduction band with the assistance of field enhancement. This model is usually used to explain the conduction mechanism of Si 3 N 4 ͑Ref. 27͒ or Ta 2 O 5 film, 31 which governs at high temperature and high fields:
where ⌽ t is the trap density and ⑀ is the dielectric constant. From Eq. ͑3͒, we can plot ln(J/E ox ) versus E ox 1/2 to obtain ⌽ t from the intercept at the y axis and ⑀ from the slope, respectively. Figure 2 shows an example of a current-voltage of 900°C O 2 -annealed LPD-SiOF films with oxide thickness of 9.1 nm. From the linear part of current-voltage at high fields, ⌽ t is estimated to be 1.42 eV and ⑀ is 0.283. Clearly, this value of ⌽ t is reasonable but ⑀ is too small and it is quite far from the normal value of ⑀ϭn 2 ϭ1.46 2 for silicon-oxide. It is concluded that the PF emission model is not suitable to our LPD-SiOF films. Figure 3 briefly shows the energy band diagram of the Al-SiO 2 -Si structure under two different tunneling processes. For pure SiO 2 , the dominant tunneling process occurs at high electric field of 8 MV/cm, which is called Fowler-Nordheim tunneling ͑FNT͒. This has been verified by using curve fitting ͑current-voltage͒ in Fig. 1͑b͒ . For the second case of the TAT process, the electrons tunneling from the left are injected into the traps existing in the oxide with tunneling probability P in . Then these captured electrons are emitted again to tunnel through this oxide with tunneling probability P out . In Fig. 3 it is found that the tunneling electrons meet either triangular barrier ͓denoted as TAT͑Tri.͔͒ or trapezoidal barrier ͓denoted as TAT͑Tra.͔͒ depending on the electric field across the oxide. In this model, we assume that the traps possess an energy level of ⌽ t below the oxide conduction band and they are uniformly distributed all over the oxide. The relationship of J and E ox can be approximated as
B. GTAT model
Jϳexp ͩ Ϫ 4ͱ2qm ox 3ប ⌽ t 3/2 /E ox ͪ ,
͑4͒
where ⌽ t can be directly derived from the slope of the linear part in the ln(J) versus 1/E ox plot. Figure 4 shows the TAT plot using our GTAT ͑solid line͒ model, while the F-N fitted curve is also shown as a dashed line. ⌽ t is calculated to be 1.89 eV, ⌽ B is 2.47 eV, and N t is 6ϫ10 16 cm Ϫ3 . Note that ⌽ B is an effective value that is different from 3.15 eV for Al-SiO 2 . Obviously, the current-voltage curve at 5-9 MV/cm can be divided into two regions: TAT and FN tunneling. Hence TAT with uniformly distributed trap concentration is the best model to explain the conduction mechanism in medium fields ͑5-7 MV/cm͒.
C. Simulations of GTAT model
To have more insight into the effect of the trap energy level ⌽ t and trap concentration N t for current-voltage curves in the GTAT model, we have performed some simulations on devices having these parameters: ⌽ t ϭ1.2-2.6 eV, N t ϭ2ϫ10
13 -2ϫ10 20 cm Ϫ3 , T ox ϭ5 nm, and ⌽ B ϭ3.2 eV. Figure 5͑a͒ shows the effect of trap energy level on the leakage current and Fig. 5͑b͒ presents the leakage current density at 6.5 MV/cm as a function of the trap energy level. From this graph, it is clear that the leakage current increases with the increase of trap energy level from 1.2 to 1.8 eV to reach its maximum value and then decreases from 2 to 2.6 eV. Basically, the leakage current is changed by 3-4 orders of magnitude in accordance with the variation of the trap energy levels. This particular phenomenon could also be seen in the ONO interpoly dielectric of erasable programmable read-only memories. 32 The maximum value at about 1.8 -1.9 eV is the result of tunneling-in probability ( P in )ϭtunneling-out probability ( P out ). The tunneling rate Rϰ( P in ϫ P out )/(P in ϩ P out ); therefore, it has a maximum value of 0.5ϫ P. Figure 6͑a͒ shows the effect of trap concentration on the leakage current and Fig. 6͑b͒ presents the leakage current density at 6.5 MV/cm as a function of trap concentration. With the increase of trap concentration from 2ϫ10 13 to 2 ϫ10 20 cm Ϫ3 , the leakage current increases monolithically, indicating that trap concentration has a direct relationship with tunneling currents in an oxide film. In order to reduce the leakage current, traps existing in an oxide must be sufficiently reduced.
Since the current-voltage curves of doped SiO 2 films ͑SiOF, SiON, and SiOFN͒ could not be adequately modeled by FN tunneling, we use the GTAT model to simulate these curves and their results are shown in Fig. 7 concentrations are on the order of 10 15 -10 17 cm Ϫ3 depending on the impurity types, annealing times, and oxide thickness. It is concluded in this section that GTAT is the best model to describe the leakage current of impurity-doped SiO 2 films. Figure 8 illustrates the effect of annealing temperature on the current-voltage curves of LPD-SiOF films. Three temperatures are used in this study: 850, 900, and 950°C.
D. Effect of annealing temperature for SiOF
The initial LPD-SiOF films are grown for 10 min. From the simulation results, ⌽ t is about 2.2 eV and trap concentration decreases as annealing temperature increases. Although curve 1 is annealed in 850°C for 15 min ͑i.e., longer than others, 5 min͒, its trap concentration is still the highest one. This indicates that trap concentration will be much higher with short time annealing of 5 min. Therefore, high temperature annealing can effectively remove the traps in oxide films. Using the GTAT model, we would get the evolution of traps in an oxide film when different annealing temperatures or times are performed. 
E. Effect of initial oxide thickness for SiOF
The fluorinated SiO 2 can be grown from the LPD method since F is capable of being naturally incorporated in the SiO 2 film as can be seen from the depth profile of Auger electron spectroscopy. 37 As the thickness of oxide is reduced to 10 nm and below, thin oxide becomes much more leaky than the thick one within this range. Thus, it is recommended that we perform O 2 annealing on LPD-SiOF film in order to reconstruct the mismatched network of oxide bonding during deposition. After this treatment, the leakage current is greatly improved so as to be comparable with thermal oxide. Figure  9 shows the current-voltage curves for different initial LPD-SiOF thicknesses with O 2 annealing at 900°C. Fluorine concentration is controlled by the initially deposited LPD-SiOF film using different times. This figure demonstrates the TAT range of E ox ϭ4 -9 MV/cm only. Our GTAT model is used to simulate the current-voltage curves and their results are listed in the inset. The value of ⌽ t ranges from 1.62 to 1.83 eV, while N t increases ͑4 orders of magnitude͒ with the increase of time for the initially deposited LPD-SiOF film. The variation of ⌽ t may be attributed to the oxide thickness and annealing steps. can substitute F with O in LPD-SiOF films and then leads to a denser structure having less dangling bonds within the oxides. 38 Also, with the increase of annealing temperature or time, some weak Si-F bonds are driven out, leaving strong Si-F bonds in the oxides. 21 Therefore, trap concentration relating to the incorporation of F in a SiO 2 film is reduced with the increase of annealing temperature and time. The incorporation of nitrogen ͑annealed in NH 3 , NO, or N 2 O gases͒ into SiO 2 is demonstrated to improve the strength of oxide's bonding network by introducing strong Si-N bonds near the interface, and by increasing the endurance of trap creation. 39 If nitrogen is introduced into a F-contained SiO 2 system, a much more complex tetrahedral structure is formed, F-Si͑O 3Ϫx N x ), xϭ0 -3. 21 In this article, our LPDSiOF films annealed in N 2 O will become SiOF:N films. Of course it is evident that longer annealing time leads to smaller trap concentration due to the N passivation effect in the Si-O-Si bonding network. In this discussion, trap concentrations between O 2 -and N 2 O-annealed LPD-SiOF films are compared.
For O 2 annealing shown in Fig. 10 , N t decreases from 8ϫ10 17 to 1ϫ10 16 cm Ϫ3 as the time is increased to 10 min. After 15 min of annealing or more, GTAT could not be used to model the current-voltage curves. ⌽ B is about 2.5 eV in this case. A second case for N 2 O annealing is shown in Fig.  11 : N t is as low as 10 15 cm Ϫ3 , 2 orders lower than that in O 2 annealing. But ⌽ t is 1.24 and 1.85 eV for 5 and 10 min of annealing. These values of ⌽ t , different from the first case, may arise from the incorporation of N in LPD-SiOF film to change its energy level ͑a combination of effects as a result of incorporating both nitrogen and fluorine͒. After a long period of annealing ͑15 and 20 min͒, ⌽ B is similar to that in O 2 annealing. These facts tell us that N 2 O annealing could substantially decrease the traps contained in LPD-SiOF films. These N 2 O annealed oxides show better electrical properties than those of pure thermal oxides such as flatband voltage, interface trap density, and stress-induced gate voltage shift.
40
G. Effect of initial oxide thickness for SiOFN
In order to have a deep insight into the effects of this multiimpurity system, different initial LPD-SiOF growth time and a subsequent N 2 O annealing at 900°C were performed. Figure 12 shows the TAT range in the currentvoltage curve at E ox ϭ4 -10 MV/cm. The leakage current increases with the increment of initial LPD-SiOF's growth time. This is due to the increase of a large quantity of F concentration. After N 2 O annealing, some N is incorporated into LPD-SiOF, resulting in a value change of ⌽ t . Figure  13 increase of initial LPD-SiOF's growth time, ⌽ t is decreased as shown by the solid squares. On the other hand, solid rhombuses reveal the increase of N t . Some possible explanations could be described in the following.
For pure SiO 2 , the bonding network of oxide is composed mainly of Si-O bonds with Si and O being tightly bonded to each other. There are very few traps existing in this type of oxide. If a foreign atom were incorporated ͑for example, fluorine͒, it would displace oxygen in a Si-O-Si bond and result in a dangling bond on the Si atom. 26 Furthermore, if another impurity such as nitrogen is introduced into a F-contained SiO 2 system, a much more complex tetrahedral structure is formed, F-Si͑O 3Ϫx N x ), xϭ0 -3. 21 The concentration of Si-F is slightly reduced because some weak Si-F bonds are removed and stronger Si-F are left in the oxide. With the initial LPD-SiOF thickness being thin ͑hence smaller F concentration in quantity͒, the incorporation of N would bond with F to produce a mixed effect, i.e., ⌽ t is lowered. This type of trap energy level is called effective ⌽ t because there are two atoms contributing to this parameter. Furthermore, SiO 2 containing F induces defects such as -Si-O-O-Si-structures. 22 When F concentration is increased, the incorporation of N is insufficient to affect the large amounts of Si-F bonds, hence F is a dominant factor in this case, i.e., N t is increased with growth time and ⌽ t is similar to that in SiOF film.
IV. CONCLUSION
For the increasing demand in quality of gate dielectrics other than conventional SiO 2 , it is well know that adequately introducing fluorine or nitrogen atoms into SiO 2 could improve the oxide properties for both Si-oxide interface and bulk oxide. SiOF and SiON films have received much attention in the past 20 yr. However, SiOFN films demonstrate their potential for future gate dielectrics because of the advantages described in Sec. I. Therefore, it is our motive to investigate the electrical properties of various doped SiO 2 to obtain greater understanding.
First of all, the conduction mechanisms were discussed to determine which one was the best to explain the leakage current in these oxides. It was found that FNT could only model the current-voltage curve at high fields, where at moderate fields it could be well fitted by the TAT model. PF emission and ohmic conduction were excluded because they provide incorrect modeling results for current-voltage curves. Second, we have briefly discussed the GTAT model and used it to fit the current-voltage curves of doped oxides. From the results acquired, ⌽ t could be derived with the simple TAT plot using ln(J) versus 1/E ox . Then, the simulated results of a trapped oxide with ⌽ t ϭ1.2-2.6 eV, N t ϭ2ϫ10
13 -2ϫ10 20 cm Ϫ3 , T ox ϭ5 nm, and ⌽ B ϭ3.2 eV were given to determine the suitability of this model. It was found that the leakage current has a maximum value at about 1.8 eV because tunneling-in probability is equal to tunneling-out probability. In the third part, the current-voltage modelings of SiOF and SiOFN films were investigated. The trap energy levels of SiOF films ranged from 1.62 to 2.2 eV, while trap concentrations were 7ϫ10 14 -3ϫ10 18 cm Ϫ3 depending on annealing temperature, time, and initial oxide thickness. An explicit effect of annealing on trap concentration was clearly observed. As for SiOFN films, the trap energy levels ranged from 1.24 to 2.25 eV, while trap concentrations were 5 ϫ10 14 -3ϫ10 20 cm Ϫ3 depending on different annealing time and initial oxide thickness. By introducing N into the SiOF films, ⌽ t and N t were significantly changed due to the formation of complex compounds of Si, O, F, and N in silicon dioxides. Some possible explanations were given to clarify this mixing effect. The results in this article provide a deeper insight into SiO 2 containing impurities in terms of their electrical behaviors. It also provides a guideline on fabricating well-controlled dielectrics for future MOSFETs.
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